In this paper, we investigate a new generalized selection combining (GSC) technique and an adaptive low-power rake combining scheme to save the power consumption of mobile rake receivers for wideband CDMA systems. The new GSC technique called minimum selection GSC (MS-GSC) selects a minimum number of rake fingers as long as the combined SNR is larger than a given threshold. The proposed rake combining scheme adaptively adjusts the threshold value to maintain the desired BER, in which a GSC dynamically selects rake fingers to meet the given threshold condition. The proposed MS-GSC shows a low standard deviation in bit error statistics and advantages practical implementation. The proposed adaptive scheme works well with existing GSC schemes as well as the proposed MS-GSC. The proposed scheme reduced the power consumption of a mobile rake receiver up to 67.8 % by tuming off unselected rake fingers.
INTRODUCTION
A rake receiver adopts multiple fingers to exploit diversity of multipath signals called diversity combining. In general, a larger number of fingers would improve the SNR (signal to noise ratio) at the cost of higher circuit complexity and hence larger power dissipation. In practice, the number of rake fingers is in the rage of two to five. Since a rake receiver operates at the chipping rate, it is one of the most power consuming blocks in a baseband signal processor for a CDMA (code division multiple access) receiver.
Instead of selecting all the fingers as the maximal ratio combining (MRC), generalized selection combining (GSC) methods choose the best m fingers out of L fingers depending on the SNR or the signal strength [1]- [4] . Note that the MRC is a special case of a GSC where the number of selected fingers m is fixed to L. The number of selected fingers m is decided a priori in [1]- [4] , while it varies dynamically in [5]- [7] . For the latter approach, selection of fingers whose SNRs are larger than a given threshold is proposed in [5] and [6] , and it is called absolute threshold GSC (AT-GSC). Altematively, selection of a finger whose relative SNR over the maximum SNR among all fingers is larger than a threshold is proposed in [SI and [7] . This method is called normalized threshold GSC methods intend to save hardware andor power dissipation. If m is fixed and less than L, it reduces the complexity of the rake receiver and hence the power dissipation of the rake receiver circuit.
Since m changes dynamically in the range of 1 to L for the AT-GSC and the NT-GSC, the two schemes do not save hardware. In fact, increased hardware complexity is necessary to be able to change m. However, the AT-GSC and the NT-GSC can save power dissipation GSC (NT-GSC).
by tuming off unselected fingers. Two major design considerations regarding the AT-GSC and the NT-GSC are:
(i) determination of threshold values, and (ii) effectiveness of the two methods in terms of power saving and practical implementation. A threshold value should be set to meet the required QoS (quality of service), and a maximal number of fingers should be tumed off as long as it meets the required QoS. The BER (bit error rate) is often used as the metric for the QoS. For example, a BER of 10" may be necessary for voice communications. This suggests that if the combined SNR is over a certain threshold, then the BER is below a certain level to meet the required QoS.
In this paper, we propose a new GSC method called minimum selection GSC (MS-GSC) and an adaptive low-power rake combining scheme to determine the threshold values for GSCs. Our MS-GSC selects a minimum number of fingers as long as the combined SNR is maintained larger than a given threshold. Our proposed adaptive scheme is applicable to the three GSC methodsthe AT-GSC, the NT-GSC, and the proposed MS-GSC. Through simulation, we estimated the effectiveness of the proposed scheme for a mobile rake receiver of a wideband CDMA (WCDMA) system. The paper is organized as follows. The proposed MS-GSC is presented in Section 2. An adaptive low-power rake combining scheme is proposed in Section 3. The simulation results applied to a mobile rake receiver of a WCDMA system are presented in Section 4. Finally, Section 5 concludes the paper.
NEW GSC METHOD
The proposed MS-GSC method selects a minimum number of fingers as long as the combined SNR is maintained larger than a given threshold. The proposed MS-GSC denoted as MS-GSC (T,,,, L) selects a minimum number of fingers whose combined SNR is larger than a given threshold T,,,.. In contrast to the AT-GSC and the NT-GSC, the MS-GSC performs better as the threshold value becomes larger. The SNR of the MS-GSC for a given threshold is ideally independent of the average finger SNRs.
For a practical implementation, the signal level or strength is used instead of a finger SNR, which is difficult to measure. Since the received signal contains the desired signal as well as noise, the signal strength represents signal plus noise (S+N) value. Even if the signal strength is used for the AT-GSC and the NT-GSC, the trend remains the same. However, the trend for the MS-GSC changes as shown in Figure 1 . When the SNR of each finger is low/high, the amount of the noise is relatively large/small. Thus, the combined (S+N) shows a lowhigh SNR. The operation of the MS-GSC is as follows. The MS-GSC starts with a given threshold T and k rake fingers. The combined signal strength is periodically measured. If the combined signal strength is less than the threshold, then one more rake finger is activated in the next period. Since the signal with the smaller delay is stronger in general, the finger with the smallest delay is selected. Note that the delay information is provided by a cell searcher. If the combined signal strength is marginally greater than the threshold, then a rake finger with the lowest signal strength is tumed off in the next period.
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Otherwise, the current rake combining with k fingers is maintained.
Comparing with the AT-GSC and the NT-GSC, the proposed MS-GSC has two benefits. Since the combined signal strength in the MS-GSC is maintained constantly, the statistics of erroneous bits have a low standard deviation, which will be presented in Section 4. This may result in less burst errors, which leads to a better error correction for a channel decoder. The second benefit is that the MS-GSC enables power reduction by turning off unselected fingers. The MS-GSC can meet the given threshold condition by tuming on another finger with the smallest delay or tuming off a finger with the lowest signal strength. In contrast, the AT-GSC and the NT-GSC necessitate activation of each finger momentarily to measure the signal strength, so that it can determine if the signal strength is above the threshold value or not.
ADAPTIVE RAKE COMBINING SCHEME
We determine a set of N threshold values { T( l), T(2), .... RA')} for each GSC using a system simulation, where each GSC performs better as the index of the threshold value increases. This implies that T(1) > T(2) > ... > T(N) for the AT-GSC and the NT-GSC and T(1) < T(2) < , . , < T(hr) for the MS-GSC. A larger N leads to, on average, a larger number of fingers tumed off, but it results in more complex hardware and more frequent changes of threshold values. Therefore, a larger N does not guarantee more power saving. The SNR range of a threshold value T(i) is the range in which the required BER is met for T(i), but not with T(i-1).
We propose an adaptive scheme to determine threshold values for the three GSC methods, the AT-GSC, the NT-GSC, and the proposed MS-GSC. Threshold values of a GSC method should be adjusted dynamically to turn off a maximal number of fingers, while maintaining the required BER. Since we use BERs as the metric for the QoS, a mechanism is necessary to estimate the current BER. #en a Viterbi decoder is employed for the system, the error metric of the survived path at the end of the forward processing is the current BER. For the case of turbo decoders, the number of iterations or the rate of convergence can be used as the metric. The block diagram of the proposed system is presented in Figure 2 , in which the control logic adjusts the threshold value dynamically based on the inputs from the channel decoder. The proposed adaptive scheme consists of two loops, an outer loop and an inner loop. The outer loop adaptively adjusts the threshold value as described next. The inner loop dynamically changes the finger selection to meet the required condition with the threshold value provided from the outer loop.
Suppose that the current threshold of a GSC method is T(i). The current BER is periodically estimated at the end of each fiame. If the estimated BER is higher than the required BER, then the threshold index is increased to T(itl) in order to lower the BER in thc next frame. If the BER is marginally lower than the required BER, then the threshold index is decreased to T(i-I). Otherwise, the current threshold T i ) is maintained.
The power saving of the proposed adaptive scheme is highly dependent on the operating condition and the employed threshold set. The average number of rake fingers activated E is obtained as
AiPi , where N is the number of threshold values {T(i)}, A, is the average number of rake fingers activated for a threshold value T(,i), and Pi is the probability of the proposed adaptive scheme operating in the S N R range of the threshold value T(i). Then, the power saving with the proposed adaptive scheme over the MRC rake combiner is obtained as -. Thus, if we know each probability Pi, then the power saving with the proposed adaptive scheme could be estimated. The probability Pi depends on the channel condition and the power control strategy. Detailed analytical results are available in 0.
SIMULATION RESULTS
To verify the validity of the adaptive scheme, the proposed scheme with three GSC methods are applied to a mobile rake receiver of a WCDMA system. System models and parameters considered in our simulation are typical for the 3GPP WCDMA system 0 except only one transmit antenna is used at a base station. Eight users' signals with a spreading factor 32 and the common pilot channel (CPICH) signal with a spreading factor 256 are modulated, channelized, combined, scrambled, pulse-shaped, and transmitted through the channel. Twenty percent of the total transmitted power is allocated to the CPICH, and the remaining 80% of the power is allocated equally to each user signal. For the channel profile (such as delay and average power), the ITU (Intemational Telecommunication Union) channel profiles described in [IO] are applied. Four or six multipath signals (M) are generated in the wireless channel depending on the channel type. Each multipath signal is experienced ~ an independent Rayleigh fading. For the Vehicular channel model, the mobile velocity is assumed to be 50 krnihr, which results in 99.1
Hz of maximum Doppler frequency for a 2.14 GHz carrier frequency. The mobile velocity for the Pedestrian channel is assumed to be 3 km/hr, which results in 5.9 Hz of maximum Doppler frequency. The despread CPICH signal of each multipath signal 'is utilized to estimate the channel condition, i.e., the amplitude and the phase, and thus is used as a weighting factor of each rake finger to combine the selected rake finger outpbts. To reduce the simulation time, channel encoding and decoding is not included. Thus, a hard decision is made at the output of rake combiner and the output is compared with the original data bits to evaluate the BER performance. This BER is fed back to the control logic for the proposed adaptive rake combiners.
MS-GSC, AT-GSC, and NT-GSC
First, we present the BER performances of the MS-GSC, the AT-GSC, and the NT-GSC. Figure 3 shows the BER performance of the proposed MS-GSC with a threshold set of 6 = 0.5, where 6 is defined as the difference between the average numbers of rake fingers activated for two consecutive threshold values. As shown in the figure, the MS-GSC (T,,,, 5) performs better as the threshold T,,, becomes large. The AT-GSC and the NT-GSC show almost the same BER performance as that of the MS-GSC with a threshold set of 6 = 0.5.
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Figure 3. BER Performance with Pedestrian B Channel
Next, we present the BER performance under the ITU Vehicular A channel profile. The BER performance of the AT-GSC with a threshold set of 6 = 0.5 is presented in Figure 4 . As shown in the figure, the AT-GSC (To, 4) performs better as the threshold To becomes smaller. We observed that the MS-GSC with a threshold set of 6 = 0.5 shows almost the same BER performance as that of the AT-GSC. The NT-GSC performs better than the AT-GSC and the MS-GSC using a threshold set such that the average number of rake fingers activated is same. When the Vehicular B channel profile is applied, each GSC method shows the same trend as for the case of the Vehicular A channel profile. The only difference lies in the combined SNR and the BER performance, since each channel profile has a different power profile.
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Figure 4. BER Performance with Vehicular A Channel
Adaptive Rake Combiners
The BER performance as well as the power saving of the proposed adaptive scheme are presented next. To generate the feedback information for the outer loop of the proposed adaptive rake combiners, the current BER performance is estimated on every frame at the rate of 100 Hz. To adjust the number of rake fingers activated for the inner loop of the adaptive rake combiner, the combined signal quality is evaluated in order to check whether it meets the given threshold value provided from the outer loop at the pilot symbol rate of 15 kHz (= 3.84 MHz / 256). The control logic to evaluate the BER and the combined signal quality operates at a much lower frequency compared with the chipping rate (3.84 MHz), at which rake fingers operate. Hence, the power dissipation due to the control logic would be small when implemented in the CMOS technology. (Note that the power dissipation is roughly proportional to the operating frequency in the CMOS.) Thus, the power saving of the adaptive rake combiner can be represented as the average number of rake fingers deactivated.
The performance of adaptive rake combiners under various conditions for the ITU Vehicular A channel profile with a fixed amount of noise is summarized in Table 1 . The first column under "Condition" represents operating conditions, in which the desired target BER (TBER) and the average combined SNR with the MRC are presented. A fixed amount of noise is added to the received signal at the receiver, and we obtain an average combined SNR for five fingers with the MRC. The relative noise power to the signal power of the first multipath is -12.0 dB, -1 1.5 dB, -1 1.0 dB, and -10.5 dB, which yields 3.90 dB, 4.54 dB, 5.20 dB, and 5.89 dB of the combined SNR, respectively. The second column under "Perform" has three items such that an average BER, a normalized standard deviation of the BER (N-STD), and an average number of rake fingers deactivated (F-saving). The normalized standard deviation is computed as the ratio of standard deviation over the mean of erroneous bits. The column "MRC" represents the performance of the conventional MRC rake combiner. The last three columns (MS-GSC, AT-GSC, and NT-GSC) represent the performance of the adaptive rake combiner employing MS-GSC, AT-GSC, and NT-GSC, respectively. For brevity, we call them as MS-GSC, AT-GSC, and NT-GSC, respectively, in the following.
As presented in Table 1 , all three GSCs achieve the required BER performance for the most cases except the AT-GSC under the target BER of 8 %. However, the deviation is less than 0.25 %, which may be insignificant for a channel decoder. The NT-GSC shows the best performance in terms of power saving. The power saving with the NT-GSC ranges from 44.5 % (= 1.78/4) to 67.8 % (= 2.71/4). The MS-GSC shows the smallest normalized standard deviation, which would result in the least burst errors. Meanwhile, the AT-GSC shows the largest normalized standard deviation. The simulation results under the ITU Pedestrian B channel profile with a fixed amount of noise show the same trend as that under the ITU Vehicular A channel profile. To verify the ability of the proposed adaptive rake combiner to dynamically adapt to the environment, a variable amount of noise is also considered for the simulation. The result is almost the same as with a fixed amount of noise. Each adaptive rake combiner achieves the required BER performance for most cases. With the exception of a few cases, the maximum deviation is less than 0.5 %. The NT-GSC shows the best performance in terms of power saving, in which the maximum power saving is 65.8 % (= 2.63/4). Like for the case of a fixed amount of noise, the MS-GSC and the AT-GSC show the smallest and the largest normalized standard deviation, respectively. More numerical results are available in [8].
In summary, the simulation results indicate that the proposed adaptive scheme works well with all GSC methods to maintain the required BER performance. The adaptive scheme with the NT-GSC shows good performance in terms of finger saving, and the power saving is as high as 67.8 'YO. The adaptive scheme with the MS-GSC shows the smallest normalized standard deviation for the all cases, which is somewhat expected.
CONCLUSION
In this paper, we propose a new generalized selection combining (GSC) technique and an adaptive low-power rake combining scheme to save the power consumption of mobile rake receivers for a WCDMA system. The new GSC technique called minimum selection GSC (MS-GSC) selects a minimum number of rake fingers as long as the combined SNR is larger than a given threshold. Since the MS-GSC tries to maintain the combined signal strength, the normalized standard deviation of the BER is the lowest among all the GSCs considered. This results in better error correction when a channel decoder is applied. In addition, the MS-GSC is advantageous in terms of power saving.
The proposed rake combining scheme adaptively adjusts the threshold value to maintain the desired BER, in which each GSC dynamically selects m rake fingers among L rake fingers to meet the given threshold condition, while tuming off unselected fingers to save the power dissipation, The simulation results indicate that the proposed adaptive scheme works well with all GSC methods to maintain the required BER performance. The adaptive scheme with the NT-GSC shows good performance in terms of finger saving. The proposed scheme reduced the power consumption of a mobile rake receiver up to 67.8 %.
